Late-onset hypogonadism (LOH) is closely related to secondary androgen deficiency in aged males, but the mechanism remains unclear. In this study, we found that reduced testosterone production in aged rat Leydig cells is associated with decreased autophagic activity. Primary rat Leydig cells and the TM3 mouse Leydig cell line were used to study the effect of autophagic deficiency on Leydig cell testosterone production. In Leydig cells from young and aged rats, treatment with wortmannin, an autophagy inhibitor, inhibited luteinising hormone (LH)-stimulated steroidogenic acute regulatory (StAR) protein expression and decreased testosterone production. In contrast, treatment with rapamycin, an autophagy activator, enhanced LH-stimulated steroidogenesis in Leydig cells from aged, but not young, rats. Intracellular reactive oxygen species (ROS) levels were increased in both young and aged Leydig cells treated with wortmannin but decreased only in aged Leydig cells treated with rapamycin. Furthermore, an increased level of ROS, induced by H 2 O 2 , resulted in LH-stimulated steroidogenic inhibition. Finally, knockdown of Beclin 1 decreased LH-stimulated StAR expression and testosterone production in TM3 mouse Leydig cells, which were associated with increased intracellular ROS level. These results suggested that autophagic deficiency is related to steroidogenic decline in aged rat Leydig cells, which might be influenced by intracellular ROS levels.
INTRODUCTION
Late-onset hypogonadism (LOH) is a clinical and biochemical syndrome associated with ageing and androgen deficiency, which is characterized primarily by erectile dysfunction, changes in moods, sleep disturbances, decrease in lean body mass, increase in visceral fat and decrease in bone mineral density, but the mechanism remains unclear. [1] [2] [3] [4] Recently, a study has shown that LOH can be defined by the presence of at least three sexual symptoms associated with a total testosterone level of less than 11 nmol l 21 and a free testosterone level of less than 220 pmol l 21 . 3 And testosterone replacement therapy can alleviate the symptoms and signs with a wide range of benefits that include improvement in libido and sexual function, bone density, muscle mass, body composition, mood, erythropoiesis, cognition, quality of life and cardiovascular disease. 2, [4] [5] [6] [7] [8] Serum testosterone levels decrease in aged males, and dysfunction of the aged Leydig cells might plays a key role in this process. [9] [10] [11] Androgen is mainly produced by Leydig cells and many enzymes, such as steroidogenic acute regulatory (StAR) protein, cholesterol sidechain cleavage enzyme (P450scc) and 3b-hydroxysteroid dehydrogenase, are involved in regulation of testosterone production. [10] [11] [12] The functional form of StAR and P450scc are localized in the mitochondrial membrane, and their function is closely related to the mitochondria, furthermore, the StAR protein is an important and rate-limiting enzyme in the regulation of testosterone biosynthesis of Leydig cells. StAR protein expression is predominantly regulated by a cyclic adenosine monophosphate-dependent pathway. 12 It has been demonstrated that reactive oxygen species (ROS) inhibit StAR expression and testosterone production in Leydig cells through activating p38 mitogen-activated protein kinase or c-Jun. [13] [14] [15] [16] Because mitochondria are the crucial sources of ROS in aerobic eukaryotic cells, androgen deficiency in aged males may be attributed to dysfunctional mitochondria owing to an accumulation of ROS. [17] [18] [19] Autophagy is a cellular degradative pathway that involves the delivery of cytoplasmic cargo to lysosomes, and it is essential for cell survival, differentiation, development and homeostasis. [19] [20] [21] Autophagy can be induced by inhibiting target of rapamycin with rapamycin or blocked by inhibiting the class III PI3K with 3-methyladenine, wortmannin or bafilomycin A1 which inhibits the autophagosome fusion. Autophagy can be measured by ultrastructural observation of autophagic compartments (such as the phagophore, autophagosome and autolysosome), by detecting the expression of Atg8-PE or microtubule-associated protein light chain 3 (LC3)-II biochemically or by observing the contribution of green fluorescent protein (GFP)-tagged Atg8 or LC3 microscopically. 22, 23 There are three categories of autophagy: microautophagy, macroautophagy and chaperone-mediated autophagy. Mitochondrial homeostasis is maintained by 'mitophagy', a particular type of autophagy in the category of macroautophagy. Clearance of dysfunctional or aged mitochondria by mitophagy plays an essential role in the anti-ageing process. [24] [25] [26] and many age-related pathologies. [27] [28] [29] In this report, we studied the role of autophagy in regulating androgen production in Leydig cells from aged rats.
MATERIALS AND METHODS

Animals
Ten healthy male Wistar rats at 3 months old (young) and 24 months old (aged) respectively were used for research. 17, 30 Animals were supplied by the Animal Center of Peking University First Hospital (Beijing, China) and were kept in a standard animal facility with a controlled temperature (2161 uC) and photoperiod (12 h light/12 h dark), with free access to water and standard rat chow diet ad libitum. All rats were anaesthetized and killed by injection with sodium pentobarbitone (150 mg kg -1 ) in sterile saline. The protocols for the use of animals were approved by the Animal Care and Use Committee of Peking University Health Center (Beijing, China) in accordance with the National Institutes of Health guidelines.
Materials
A goat anti-3b-hydroxysteroid dehydrogenase and a mouse anti-bactin antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The rabbit anti-LC3 antibody was purchased from Sigma (St. Louis, MO, USA). An anti-StAR antibody was kindly provided by Dr Douglas M. Stocco (Texas Tech University Health Sciences Center, Lubbock, TX, USA). GFP-labelled LC3 plasmid was kindly provided by Dr Tamotsu Yoshimori (Osaka University, Suita, Osaka, Japan). CM-H2DCF-DA and Lipofectamine RNAiMAX Transfection Reagent were purchased from Invitrogen (Carlsbad, CA, USA). Wortmannin, rapamycin, luteinizing hormone (LH) and N-acetyl-L-cysteine (NAC) were purchased from Sigma. The TM3 mouse Leydig cell line was purchased from the American Type Culture Collection (Manassas, VA, USA).
Cell culture
Primary rat Leydig cells were prepared from rat testes by density gradient centrifugation. Briefly, decapsulated testes were incubated with type I collagenase (0.25 mg ml
21
) for 20 min at 34 uC. Crude interstitial cells were collected by centrifugation at 300 g for 10 min and then washed twice in phosphate-balanced solution containing 0.1% (w/v) bovine serum albumin. To obtain purified Leydig cells, the crude cell suspension was loaded on top of a discontinuous Percoll gradient (20%, 40%, 60% and 90% Percoll in phosphate-buffered saline) and subsequently centrifuged at 800 g for 20 min. The fraction enriched in Leydig cells was centrifuged in a continuous, self-generating density gradient starting with 60% Percoll at 20 000 g for 30 min at 4 uC. The purity of Leydig cells was determined by histochemical staining for 3b-hydroxysteroid dehydrogenase, and cell viability was assessed by Trypan blue dye exclusion. Cells (95% purity and viability) were washed twice with DMEM/F-12 medium and resuspended for use in DMEM/F-12 medium supplemented with 15 small interfering RNA (siRNA) transfection The TM3 Leydig cells were seeded at 40% confluence per well in six-well plates overnight, and the mouse Beclin 1 siRNA (59-GGACAGUUUGGCACAAUCA-39) 31 or negative control siRNA (GenePharma, Shanghai, China) was transfected into TM3 Leydig cells with Lipofectamine RNAiMAX Transfection Reagent (Invitrogen). The transfected cells were used for experiments after 72 h.
Testosterone assay by radioimmunoassay After rats were anaesthetized, blood was collected via vena cava puncture. Serum was isolated by centrifugation at 1200 g for 20 min and stored at 280 uC until analysis. Culture media were collected and stored at 280 uC until later analysis after cells were treated. The concentration of testosterone in serum and medium samples was determined using a radioimmunoassay kit (Beijing North Institute of Biological Technology, Beijing, China) in duplicate following the manufacturer's manual. Testosterone concentration in cultured medium was normalized to cell numbers for each sample.
Western blotting
Samples were solubilized in lysis buffer (50 mmol l 21 Tris-HCl, 150 mmol l 21 NaCl, 50 mmol l 21 NaF, 0.5% NP-40, pH 7.5). Proteins were separated by 12% or 15% SDS-PAGE with 20 mg of total protein in each lane and then electrotransferred onto a nitrocellulose membrane. After incubation with primary antibody (1 : 1000) at 4 uC overnight, the membrane was rinsed with TBST (1% Tween-20) three times (10 min each) and then incubated with horseradish peroxidaseconjugated secondary antibody (1 : 5000) at room temperature for 1 h. After the membrane was rinsed with TBST (1% Tween-20) three times (10 min each), the signals were detected using an enhanced chemiluminescence Western blot kit from Amersham Pharmacia Biotech (Piscataway, NJ, USA). The X-ray films were quantified by densitometry and analysed with Quantity One-4.6.2 (BIO-RAD, Hercules, CA, USA).
Measurement of intracellular ROS
CM-H 2 DCF-DA (Invitrogen), an accepted cell-permeant indicator of ROS, was used to assess the ROS level in Leydig cells. Cells were harvested by centrifugation (1000 g for 3 min) and washed in serumfree medium (pH 7.2, buffered with HEPES) three times. The cells were resuspended in serum-free culture medium at 10 5 cells ml 21 
Statistical analysis
Data are presented as mean6s.d., and significance was determined by analysis of variance followed by the Duncan's multiple comparison test. Immunoblot data were quantified by the band density relative to that of b-actin and analysed by an unpaired t-test for independent samples. P,0.05 was considered statistically significant.
RESULTS
Autophagic deficiency occurs in aged rat testes and is associated with inhibited StAR expression and a decline of serum testosterone
To illustrate the function of the Leydig cells, transmission electron microscope was used for ultrastructural observation, and total serum testosterone and StAR protein expression in testes were examined in young and aged male rats. Ultrastructural observation of rat Leydig cells demonstrated that swollen mitochondria with mitochondrial cristae loss were found in aged rat Leydig cells (Figure 1d, upper  panel) . The expression of StAR protein was down-regulated in the testes of aged rats (Figure 1a) , and the total serum testosterone concentration of aged rats was lower than that in young rats (P,0.05) (Figure 1b) . To assess autophagic activity, the expression of LC3, a marker for the generation of tautophagosome, was also detected by Western blot. Electron microscope (EM) was used for ultrastructural observation of autophagic compartments, including the phagophore, autophagosome and autolysosome, in Leydig cells in vivo. The results 
showed that LC3-II expression was decreased in the testes of aged rats compared to young rats (P,0.05) (Figure 1c) . Statistical analysis consistently showed that the autophagic area fraction decreased in aged rat Leydig cells (P,0.01) (Figure 1d , lower panel).
StAR protein expression and testosterone production decrease in primary
StAR protein expression was determined by Western blotting, and the testosterone level was examined using the radioimmunoassay kit. StAR protein levels were increased by the stimulation of LH both in young and aged Leydig cells (P,0.01). Furthermore, irrespective of whether LH was present, the StAR protein expression was lower in aged Leydig cells than in young cells (P,0.01 and P,0.05, respectively) (Figure 2a) . In parallel with StAR protein expression, the testosterone levels in the supernatant from young and aged Leydig cells were also elevated by LH stimulation (P,0.01). Furthermore, irrespective of whether LH was present, testosterone levels were lower in the supernatant from aged Leydig cells than in that from young cells (P,0.01 and P,0.05, respectively) (Figure 2b) . To compare differences in autophagic activity between young and aged Leydig cells, LC3 expression was examined by Western blot analysis. LC3-II expression 
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was lower in aged Leydig cells than in young Leydig cells in the presence or absence of LH (P,0.01) (Figure 2c) . Furthermore, when Leydig cells were transfected with GFP-LC3 plasmid for 48 h, the area fraction of GFP-LC3 puncta in young Leydig cells was higher than that in aged Leydig cells (P,0.01) (Figure 2d ).
Alterations of autophagic activity affect LH-stimulated StAR protein expression and testosterone production in primary rat Leydig cells
To investigate the effect of autophagic alteration on steroidogenesis, primary Leydig cells were isolated from the testes of young and aged rats. The Leydig cells were treated for 48 h with 100 nmol l 21 rapamycin, 1 mmol l 21 NAC, (Figure 3a , comparing lane 1 to 2). However, wortmannin impaired the effect of LH stimulation in both young (P,0.01) and aged (P,0.05) cells, whereas NAC negated the effect of wortmannin (Figure 3a, comparing lanes 3 and 4 to 2) . To further confirm the role of autophagy in the regulation of StAR protein expression, we treated the Leydig cells with rapamycin. We also used NAC to induce ROS-mediated clearance of Leydig cells. In the results, the levels of StAR protein expression were increased by treating with rapacmycin or NAC (P,0.05) in LH-stimulated aged rat Leydig cells, however, these changes were not found in young rat Leydig cells (P,0.05) (Figure 3b) . Consistent with the StAR protein level, LH-stimulated testosterone production was decreased in young and aged rats Leydig cells (P,0.05) by treatment with wortmannin (P,0.01), however, which was restored by pre-treatment with NAC ( Figure 3c) . Similarly, treatment with rapamycin or NAC were increased levels of LH-stimulated testosterone production in aged, but not young, Leydig cells (P,0.05) (Figure 3d ).
ROS are involved in changes in LH-induced steroidogenesis resulting from autophagic alteration in primary rat Leydig cells
To investigate the effect of autophagic alteration on oxidative stress, the relative intracellular ROS level in primary Leydig cells was examined. ROS levels increased after H 2 O 2 treatment, as shown by the positive control (P,0.01) (Figure 4a) . Wortmannin enhanced the cellular ROS levels in both young and aged Leydig cells (P,0.01), and this enhancement could be attenuated by NAC (Figure 4a) . Furthermore, rapamycin or NAC decreased the cellular ROS level in aged, but not in young rat Leydig cells (P,0.01) (Figure 4a) . To investigate the effect on steroidogenesis, we treated primary rat Leydig cells with different concentrations of H 2 O 2 . Exposure of primary rat Leydig cells to H 2 O 2 led to a decrease in LH-stimulated StAR protein expression (Figure 4b) . Similarly, H 2 O 2 treatments decreased the level of testosterone production (Figure 4c ).
Knockdown of Beclin 1 leads to autophagic deficiency
To investigate the effect of autophagic deficiency on StAR protein expression and testosterone production, Beclin 1 was knocked down with siRNA in TM3 mouse Leydig cells. The protein expression of LC3-II expression as determined by Western blot (Figure 5a ), area fraction of autophagic compartment in EM (Figure 5b) and GFP-LC3 puncta in fluorescence microscopy ( Figure 5c ) were all decreased in TM3 Leydig cells after knockdown of Beclin 1 (P,0.01).
Knockdown of Beclin 1 in TM3 mouse Leydig cells leads to a decrease in StAR protein expression and testosterone production that is associated with an increased cellular ROS level After knockdown of Beclin 1, LH-stimulated StAR protein expression (Figure 6a ) and testosterone production ( Figure 6b ) decreased (P,0.01), whereas the cellular ROS level increased in TM3 mouse Leydig cells after knockdown of Beclin 1 (P,0.01) (Figure 6c ).
DISCUSSION
Androgen deficiency in elderly men may lead to LOH and decrease quality of life. Because testosterone deficiency plays a key role in LOH, testosterone replacement therapy has been used to alleviate the symptoms of LOH. 5, 8, 9, 32 To reveal the mechanism of decreased testosterone production in aged Leydig cells and possibly identify new therapies, we studied the effect of autophagic alteration on steroidogenesis in young and aged rat Leydig cells and TM3 mouse Leydig cells. Our results indicate that decreased steroidogenesis is associated with the autophagic deficiency in aged rat Leydig cells. Previous studies have reported that StAR protein expression and testosterone production were decreased in aged Leydig cells. [9] [10] [11] 33 No studies on the linkage between autophagy and testosterone production have been reported, although Taneike et al. 34 reported decreased autophagic activity in aged heart tissue, and Zhang et al. 29 reported low autophagic activity in aged smooth muscles of the corpus cavernosum. Our study showed that the autophagic activity could affect StAR protein We attributed the linkage between lower testosterone levels and autophagic deficiency in aged Leydig cells to intracellular ROS accumulation generated from dysfunctional or aged mitochondria. Indeed, we observed that the autophagic area, identified by autophagic area fractoin of both autopagosomes in EM and puncta of GFP-LC3 in fluorescence microscope to identify the autophagic activity, was much lower in aged rat Leydig cells than in young rat Leydig cells. In addition, we observed low levels of StAR protein and testosterone production in aged Leydig cells. To confirm the role of autophagy in regulating testosterone production, the autophagy activator (rapamycin) and inhibitor (wortmannin) were used to treat primary Leydig cells. We showed that the autophagy inhibitor wortmannin decreased LH-stimulated StAR protein expression and testosterone production in both young and aged Leydig cells, whereas rapamycin had an enhancing effect in aged Leydig cells. Furthermore, we assessed the intracellular ROS levels and found that ROS levels were elevated by wortmannin, suggesting that autophagy is required for the clearance of ROS. Because ROS are harmful to steroidogenesis in Leydig cell, [13] [14] [15] [16] accumulation of ROS during the ageing process will result in a low level of testosterone. It may be possible that mitochondrial dysfunction in ageing cells contributes to oxidative stress. 35 LHstimulated StAR protein expression and testosterone production were reduced in primary rat Leydig cells when exposed to H 2 O 2 , which demonstrates the harmful effects of ROS on steroidogenesis. Taken together, our data demonstrate that aged Leydig cells have an autophagic deficiency, an increased number of dysfunctional mitochondria and an increased ROS level. We propose that the autophagic deficiency may result in ROS accumulation, leading to a decline in steroidogenesis in aged rat Leydig cells. We used the TM3 mouse Leydig cell line as the model and knocked down Beclin 1 to study the effect of autophagic Autophagic deficiency and steroidogenic decline W-R Li et al 887 deficiency on LH-stimulated StAR expression and testosterone production. The LH-stimulated StAR expression and testosterone production decrease was associated with an increase of cellular ROS levels. Impaired or deficient autophagy is believed to cause or contribute to ageing and a number of age-related pathologies. ROS have been linked to autophagy and ageing in several studies. Wu et al. 18 reported that the intracellular ROS level of Atg7 2/2 cells was increased, but it could be decreased by the antioxidant NAC. Masiero et al. 36 reported that deletion of Atg7 resulted in muscle atrophy and an age-dependent decrease in strength with accumulation of abnormal mitochondria and a swollen sarcoplasmic reticulum. Taneike et al. 34 found that Atg5-deficient mice exhibited disorders in cardiac morphology and function. The ultrastructural analysis revealed a disorganized sarcomere structure and collapsed mitochondria with decreased mitochondrial respiratory functions. Collectively, these data suggest that mitochondrial dysfunction and oxidative stress have a role in autophagic deficiency-related pathology. These studies support our hypothesis that autophagic deficiency might result in increased cellular ROS levels.
The role of autophagy on testosterone production has been implied in studies of calorie restriction (CR). The age-related changes in plasma testosterone, triglycerides, oxidative damage and glucose regulation could be attenuated by CR, 37, 38 which is related to autophagic activation. 39 Sitzmann et al. 40 reported that moderate CR could help maintain higher levels of circulating testosterone. Kume et al. 41 further demonstrated that adult-onset and long-term CR in mice attenuated hypoxia-associated mitochondrial and renal damage by enhancing autophagic activity. These findings implied that autophagy is related to the testosterone production and are congruent to the findings in this study.
In conclusion, we have demonstrated that autophagic deficiency plays an important role in the decreased testosterone production of aged Leydig cells and increased intracellular ROS may be involved in this process.
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